In Escherichia coli, under optimal conditions, protein aggregates associated with cellular aging are excluded from midcell by the nucleoid. We study the functionality of this process under sub-optimal temperatures from population and time lapse images of individual cells and aggregates and nucleoids within. We show that, as temperature decreases, aggregates become homogeneously distributed and uncorrelated with nucleoid size and location. We present evidence that this is due to increased cytoplasm viscosity, which weakens the anisotropy in aggregate displacements at the nucleoid borders that is responsible for their preference for polar localisation. Next, we show that in plasmolysed cells, which have increased cytoplasm viscosity, aggregates are also not preferentially located at the poles. Finally, we show that the inability of cells with increased viscosity to exclude aggregates from midcell results in enhanced aggregate concentration in between the nucleoids in cells close to dividing. This weakens the asymmetries in aggregate numbers between sister cells of subsequent generations required for rejuvenating cell lineages. We conclude that the process of exclusion of protein aggregates from midcell is not immune to stress conditions affecting the cytoplasm viscosity. The findings contribute to our understanding of E. coli's internal organisation and functioning, and its fragility to stressful conditions.
Introduction
Unicellular organisms, such as Escherichia coli, particularly when in optimal environments, can continuously divide into genetically identical cells although, similarly to multicellular organisms, they are not free from errors, e.g. in protein production (Miot and Betton, 2004) , that result in malfunctional proteins that can hamper the functioning of cellular processes (Maisonneuve et al., 2008) .
Escherichia coli has evolved a complex machinery responsible for ensuring protein functionality that is able to catalyse proper protein folding and assist in the rescue of misfolded ones (Deuerling et al., 1999; Wickner et al., 1999) , and can target misfolded proteins for degradation (Viaplana et al., 1997) , which allows both error correction and renewal of protein numbers (Willetts, 1967; Goldberg, 1972) . When this fails, E. coli can resort to protein aggregation (Sabate et al., 2010; Tyedmers et al., 2010; Winkler et al., 2010) , which likely reduces potentially harmful effects by rendering some of the malfunctional proteins inert (Bednarska et al., 2013) . Recent evidence suggests that the aggregation is not an energy-free process (Govers et al., 2014) , which is consistent with being of importance for proper cellular functioning.
Unfavourable growth conditions or continued stress can enhance protein aggregation (Lindner et al., 2008; Maisonneuve et al., 2008; Winkler et al., 2010; Govers et al., 2014) . This can lead to excessive aggregate accumulation (Bednarska et al., 2013) that interferes with cellular functioning (Goldberg, 2003; Lindner et al., 2008; Maisonneuve et al., 2008) . Recent studies showed that these aggregates are segregated to the cell poles (Winkler et al., 2010; Coquel et al., 2013) , due to a volume exclusion effect caused by the presence of the nucleoid at midcell, similar to how plasmids are partitioned (Vecchiarelli et al., 2012; Reyes-Lamothe et al., 2014) and to how other large complexes (Straight et al., 2007) are segregated to the poles. Provided that the segregation process is successful (evidence suggests that it is not entirely successful, even in optimal conditions; , when the cell divides, it generates an asymmetry, in that both daughter cells will receive one new pole that is free of aggregates (Lindner et al., 2008; Govers et al., 2014) . Consequently, as cells continue to divide, this segregation process results in the rejuvenation of several cells of the lineage (freeing them from aggregates), at the cost of a few cells with reduced reproductive vitality, due to inheriting the oldest poles containing several aggregates (Lindner et al., 2008) .
Several observations support the conclusion that the exclusion of aggregates from midcell is an energy-free process, caused by nucleoid exclusion (first hypothesised in Winkler et al., 2010) . First, the exclusion effect is visible in a strong anisotropy in aggregate kinetics, located at the nucleoid borders, which favours aggregates accumulation at the poles . Also, while in cells where the nucleoid is centred the choice of pole is symmetric, in cells with off-centred nucleoids, a higher-than-by-chance fraction of aggregates preferentially locates at the larger pole . Finally, the aggregate kinetics, while affected by the nucleoid (Stylianidou et al., 2014) , is diffusive-like (Coquel et al., 2013) , even when at the pole (in agreement with the absence of transport or anchoring mechanisms).
Consequently, the efficiency with which aggregates are excluded from midcell should depend on factors such as nucleoid size as well as aggregate size and mobility within the cytoplasm, etc (Kuwada et al., 2015) . As these properties are likely affected by environmental conditions, e.g. temperature, it is reasonable to hypothesise that this process might lack robustness to some environmental stresses (Jeon et al., 2013; Cherstvy and Metzler, 2015) , particularly since, in those conditions, other functions are likely to be more critical (Clegg et al., 2014) .
Here, we study the robustness to non-optimal temperatures of the processes of segregation and retention of aggregates at the cell poles in E. coli. We address the following questions: To what extent are aggregate intracellular distributions temperature dependent? What are the causes for the temperature dependence? Finally, what are the long-term consequences of sub-optimal temperatures to aggregates numbers in cell lineages? To address these questions, we observed fluorescently tagged natural aggregates as well as synthetic fluorescent aggregates, along with inclusion bodies and nucleoids in individual cells subject to a wide range of temperatures.
Results
To study the temperature dependence of aggregate segregation and polar retention in E. coli, we observe aggregates by tracking IbpA-YFP proteins, which are accurate identifiers of the in vivo localisation of natural protein aggregates (Lindner et al., 2008; Coquel et al., 2013) (unlike e.g. Clp proteases and other proteins, whose tagging can alter their localisation and, possibly, aggregation; Landgraf et al., 2012) . Importantly, these tagged aggregates co-localise with inclusion bodies (Allen et al., 1992) . As such, we refer to the aggregates tagged by IbpA-YFP as 'natural' aggregates, even though, in the measurements here conducted, their emergence in the cells is externally enhanced by the addition of streptomycin to the media (Lindner et al., 2008) . We also observe aggregates consisting of RNA sequences bound by multiple MS2-GFP proteins (Golding et al., 2005) , as previous studies suggest that they behave similarly to natural aggregates , have long lifetimes , do not vary significantly in size, do not aggregate and can be tracked individually (Golding et al., 2005; Muthukrishnan et al., 2012; Häkkinen et al., 2014) . As their composition differs from natural aggregates, we refer to these as 'synthetic' aggregates. Finally, since the segregation of aggregates to the poles is caused by nucleoid exclusion , we measure nucleoids' size (measured by the relative length along the major cell axis, given the invariance in width with temperature) and location (position of the nucleoid centre along the major cell axis). For this, we performed 4′,6-diamidino-2-phenylindole (DAPI) staining of the nucleoid and, for validation, HupA-mCherry tagging.
We first assessed which range of temperatures is not lethal to the strain used (DH5α-PRO). Results in Fig. S1 show that between 10°C and 43°C, conditions are not lethal (although at 10°C no growth is visible). Given this, microscopy measurements were performed for temperatures ranging from 10 to 43°C. Prior to image acquisition, cells were kept at the appropriate temperature for 60 minutes (e.g. Fig. S2 ) since, at this stage, aggregates and nucleoids already exhibit long-term behaviours (see below).
Behaviour of the synthetic MS2-GFP-tagged RNA aggregates
The MS2-GFP-tagged RNA synthetic aggregates are used since previous studies have shown that they behave similarly to the natural aggregates (at least, in optimal growth conditions), such as exhibiting preference for polar localisation . Also, they are visible for periods of time significantly longer than cell division (Muthukrishnan et al., 2012) . Further, their fluorescence intensity, which is determined by the number of MS2-GFP molecules bound to the target RNA (Golding et al., 2005) , has been reported to very stable over time (Muthukrishnan et al., 2012; Häkkinen et al., 2014) . Finally, these properties do not appear to be significantly affected by temperature (for temperatures ranging from at least 10 to 43°C), suggesting that the number of bound MS2-GFP proteins is also not significantly temperature dependent (provided sufficient number of MS2-GFP proteins in the cytoplasm).
We performed additional tests to verify the robustness in time of their fluorescence intensity, which is a valuable property for purposes of quantification and tracking, and to verify the similarly in behaviour with natural aggregates. For this, first, we studied the temporal fluorescence intensity of MS2d-GFP-tagged RNA molecules. Namely, we observed the fluorescence intensity of 40 individual, MS2-GFP-tagged RNAs over time (1 min −1 ) in independent cells at 37°C. By inspection, we verified that each cell contained only one tagged RNA, to facilitate tracking. From the time lapse images, we obtained the fluorescence intensity of each of the 40 individual tagged RNAs for 30 minutes, since first detected. We fitted the intensity of each spot over time with a decaying exponential function and inferred the first-order, degradation rate constant of the spot intensity. We obtained a mean decay rate of
, corresponding to a mean half-life of ∼ 144 min, which is longer than our observation window (60 min). As such, we conclude that, during the microscopy measurement period, the fluorescence of synthetic aggregates does not decrease significantly over time (gradually or abruptly), in agreement with previous reports (Golding et al., 2005; Muthukrishnan et al., 2012) . These results are expected given previous studies of the coat protein of bacteriophage MS2 that show that MS2 binding sites are constantly occupied by MS2d proteins (Talbot et al., 1999; Fusco et al., 2003) , which results in the 'immortalisation' of the target RNA due to isolation from RNA-degrading enzymes.
Next, we verified whether the synthetic aggregates, similar to IbpA-YFP, also co-localise with inclusion bodies. For this, we observed 85 cells at 37°C for 1 hour. At that moment, we counted in each cell the number of inclusion bodies (visible by Phase Contrast) and the number of synthetic aggregates (visible by fluorescence microscopy). Then, we counted how many times an aggregate is co-localised with an inclusion body. We also counted how many inclusion bodies 'contained' at least one aggregate, provided that the cell contained at least one aggregate (Fig. S3) . We observed that 83% of the synthetic aggregates were co-localised with an inclusion body and that 91% of the inclusion bodies had a fluorescent synthetic aggregate co-localised with it. We conclude that the synthetic aggregates can be used to accurately inform on the in vivo presence and localisation of protein aggregates, similar to IbpA-YFP (Lindner et al., 2008) .
Positioning of IbpA-YFP-tagged aggregates as a function of aggregate size
The IbpA-YFP-tagged aggregates (of sufficient size to allow detection) exhibit significant variance in size (as measured by their fluorescence intensity). As such, we investigated whether their size (within the range of detection) significantly affected their behaviour, such as the degree of exclusion from midcell. For this, we investigated the location of IbpA-YFP-tagged aggregates along the major cell axis as a function of their size, from cells at 37°C. We then extracted the 10% and the 25% smallest aggregates and their location along the major cell axis. From there, we obtained the fraction of aggregates excluded from midcell. Also, we calculated the fraction of aggregates that would be expected to be excluded from midcell if they distributed uniformly along the major cell axis, and accounting for the relative size of the nucleoid. This fraction equals 0.41 (assuming a uniform distribution along the major axis).
We found that 86% of all aggregates were located at the poles. Meanwhile, 85% of the 25% smallest aggregates were found at the poles. Finally, 88% of the 10% smallest aggregates were found at the poles. Thus, the distributions of aggregates along the major cell axis do not differ significantly with aggregate size. We conclude that, for the range of aggregate sizes that we can detect, their size does not influence the degree of exclusion from midcell.
Adaptation time of the relative nucleoid size and aggregate distributions to temperature shifts
We performed multi-modal microscopy at 10, 24, 37 and 43°C of DH5α-PRO cells expressing MS2-GFP proteins along with the RNA target that form the synthetic aggregates (Methods). First, cells were grown at 37°C and then kept at the appropriate temperature for 15, 45, or 60 minutes. At these points in time, we performed DAPI staining and imaged cells once. From the images, we extracted the distributions of location and fluorescence intensity from synthetic aggregates and from stained nucleoids along the major and minor axes of each cell. We then determined whether a cell has one or two nucleoids and the nucleoid(s) borders along the cell axes (Methods). We define the region along the major axis containing the nucleoid(s) as 'midcell', while 'poles' are the two regions between these borders and the cell extremities.
Next, we compared the distribution of fluorescence intensity of aggregates along the major cell axis of cells with one nucleoid, when kept at the appropriate temperature for 15, 45 and 60 minutes. Results in Fig. S4 show that, for all temperatures, there are no significant differences between aggregate distributions at 15 and 45 min. We also compared the normalised distances of the nucleoid borders to the cell centre at 15 and 45 min. Again, we found no significant differences (Fig. S4) . The same result was obtained when comparing distributions at 45 and 60 min after placing cells at the appropriate temperature.
We conclude that, for both aggregates and nucleoids, the distributions of fluorescence intensity at each temperature beyond 15 min. of adaptation time are representative of the long-term distributions in those conditions. Given this, from here onwards, we analyse Cytoplasm viscosity hampers aggregate segregation 3 data collected from cells kept at the appropriate temperature for 60 min, unless otherwise stated.
Temperature dependence of relative nucleoid lengths and aggregate spatial distributions
From images of cells expressing synthetic aggregates, we obtained the mean relative nucleoid length along the major cell axis by DAPI staining and the mean fraction of synthetic aggregates at the poles, for each condition. Results in Table 1 show that the mean relative nucleoid length decreases slowly with increasing temperature. This decrease is significant according to Kolmogorov-Smirnov (KS) tests between all pairs of conditions (p values smaller than 0.01).
Nucleoid size assessment by HupA-mCherry tagging (Table S1 ) matched the results from DAPI staining for temperatures between 24 and 43°C (showing only slightly larger nucleoids in all cases). We attempted measurements at 10°C, but the HupA-mCherry signal was too weak.
Also from Table 1 , in accordance with a t-test of statistical significance, the mean fraction of aggregates at the poles increases significantly with temperature, except between 10 and 24°C. This increase appears to be much larger than what would be expected from the small decrease in relative nucleoid length.
To analyse whether the increase in the mean fraction of aggregates at the poles with temperature can be explained by the decrease in relative nucleoid length, for each condition, we obtained the relative 3-D concentration of aggregate numbers at the poles in each cell, accounting for the nucleoid length and the capped cylindrical shape of the cells (Methods). Also, we performed KS tests to compare the distributions of concentrations in individual cells from different conditions. Note that, if the aggregates tend to be excluded from midcell, their relative concentration at the poles will be larger than 1. Else, in the absence of nucleoid exclusion, this concentration should equal 1. In addition, if the degree of exclusion of aggregates from midcell is temperature dependent, we expect their relative concentration at the poles to change with temperature.
Results in Table 1 show that the mean relative concentration of aggregates at the poles is much higher than 1 at 37 and 43°C, but close to 1 at 10 and 24°C. The KS tests confirm that there is a significant change between 24 and 37°C (p value < 0.01). This difference in aggregate behavior is also visible when plotting the distances to the cell centre of aggregates and mean nucleoid border ( Fig. 1) , For each temperature condition, it is shown the number of cells analysed along with the mean and standard deviation of the relative nucleoid length. Also shown is the mean fraction of synthetic aggregates' numbers at the poles along with the p values of a t-test of statistical significance. Next, it is shown the relative 3-D concentration of synthetic aggregates at the poles (as measured by the ratio between the fraction of synthetic aggregate numbers at the poles and the normalised pole volume in individual cells), and the p values of a KS-test of statistical significance. In both statistical tests, for p values smaller than 0.01, the null hypothesis that the two sets of data are from the same distribution is rejected. which shows an increase in aggregate density at the poles with increasing temperature. We conclude that the aggregate exclusion from midcell is much weaker at suboptimal temperatures. We performed the same measurements in cells expressing IbpA-YFP (Lindner et al., 2008) . Results in Table S2 show identical changes with temperature in the relative nucleoid length as well as in the mean fraction of IbpA-YFP aggregates at the poles. This allows concluding that the similarity in behaviour between synthetic and IbpA-YFP-tagged aggregates is maintained in the entire range of temperatures studied here. Further, we conclude that the spatial distributions of natural and synthetic aggregates change with temperature. Namely, the mean fraction of aggregates at the poles is significantly lower at the two lowest temperatures tested, and this cannot be explained by changes in the relative nucleoid length along the major cell axis.
Correlations of aggregate positioning with nucleoid size and positioning in individual cells
Next, we studied how temperature affects the correlation between aggregate positioning and nucleoid size and positioning. We first calculated the correlation between aggregate distance from the closest cell extreme and relative nucleoid length. Also, we performed t-tests of statistical significance of the correlation for each condition. Results in Table 2 show a negative correlation in all conditions that weakens with decreasing temperature, becoming not statistically significant at 10°C.
Next, we calculated the correlation between nucleoid centre and aggregate positioning's along the major cell axis (Fig. S5 ), and performed t-tests of statistical significance of the correlation for each condition. Since this correlation depends on the degree of 'off centring' of the nucleoid , we also compare the mean distance between nucleoid and cell centre (μ nucleoid) between conditions. From Table 2 , first, μ nucleoid shows no significant temperature dependence. Second, there are statistically significant negative correlations between the positioning of nucleoid centre and aggregates at 37 and 43°C, while at 10 and 24°C, this correlation is weak and not statistically significant.
We conclude that the aggregates positioning becomes less correlated with the nucleoids size and location for decreasing temperature, i.e., there is a reduction in the degree with which nucleoids affect aggregate positioning.
Anisotropies in aggregate dynamics
A previous study showed that the correlations between aggregates and nucleoid, when existing, are generated by multiple encounters over time between them (rather than by a single event, such as a transport process). These encounters generate anisotropies in the aggregate dynamics at the nucleoid borders (Fig. 2) . A similar anisotropy, opposite in direction, occurs at the cell extremes, as the aggregates collide with the cell walls (Fig. 2) . The combination of anisotropies of opposite directions at the nucleoid borders and at the cell walls explains the long-term spatial distribution of the aggregates, namely, their preference for polar location .
To assess how these anisotropies are affected by temperature, we performed time lapse microscopy at 10, 24, 37 and 43°C for 45 minutes long, with images taken every minute, from which we obtained the displacement vectors of individual aggregates between consecutive frames and, from there, the 'anisotropy curve' for each condition (Methods), shown in Fig. 2 .
From the distributions in Fig. 2 , we quantified the 'degree of anisotropy', for each condition, from the area under the curve in the region of positive anisotropy (responsible for retaining aggregates at the poles; . The sizes of these areas are shown in the insets in Fig. 2 , and inform that, on average, the area has For each temperature condition, it is shown the number of cells and of synthetic aggregates analysed, along with the correlation between the relative distance of aggregates to the closest cell extreme and the relative nucleoid length and the P values of a t-test of statistical significance. Also shown is the correlation between the locations (i.e. distance to midcell) of the nucleoid centre and of each synthetic aggregate, followed by a t-test of statistical significance. For values < 0.01, it is accepted that the correlation is significant. Finally, the mean distance of the nucleoid centre to the cell centre (μnucleoid) is presented.
half the size in the two lowest temperature conditions, indicating much weaker anisotropy. A similar reduction in the 'negative' areas (at the cell extremes) is also visible in these conditions. These reductions in the degree of anisotropies explain the loss of heterogeneity in the aggregate spatial distribution with decreasing temperature. Further, we find no changes in nucleoid morphology with temperature changes that could explain this change in aggregate behaviour. Note that the mean positioning of the positive peak of anisotropy along the major cell axis is not significantly affected by temperature. This indicates that the nucleoid relative size only changes mildly with temperature (in accordance with the nucleoid relative size measurements reported in Table 1 ). In addition, we measured the absolute nucleoid length and width and found no significant changes with temperature (Table S3) . From this lack of change in absolute nucleoid size, it is reasonable to assume that the nucleoid density does not change significantly in the range of temperatures tested, and thus is also not likely to be responsible for changes in aggregate spatial distributions with temperature. This is confirmed by inspection of the microscopy images, where it is visible that in no condition do aggregates exhibit a behaviour consistent with, e.g., 'entering' the nucleoid region. Rather, in all conditions, when at midcell, the aggregates locate near the cell inner-membrane.
Aside from this, it is noted that changes in cell morphology also cannot explain the observed changes in aggregate dynamics. First, we found no significant changes in the absolute cell width with temperature (Table S3) . Second, while the absolute cell length increases with temperature (Table S3) , it cannot explain the changes in aggregate relative concentrations at the poles given the definition of 'pole region' (Methods). Given this, we next investigated the short-term dynamics of the aggregates as a function of temperature.
Spatial dynamics of the aggregates as a function of temperature
We speculated that the reduction in anisotropies with decreasing temperature is caused by a decrease in aggregate mobility. This is supported by the fact that both the area of positive anisotropy at the nucleoid borders and the area of the 'negative anisotropy' at the cell extremes are reduced with decreasing temperature, which is consistent with a general decrease in aggregate mobility throughout the cytoplasm, rather than a change in the properties of nucleoid or cell walls (while the nucleoid's ability to exclude aggregates could be affected by temperature, e.g. due to changes in density, no such changes are expected to occur to the cell walls, for the range of temperatures tested).
We thus performed time-lapsed, multi-modal microscopy at 10, 24, 37 and 43°C to measure the degree of diffusion of synthetic aggregates in each condition (as measured by the Diffusion coefficient, D) at the single cell level (Methods). Results in Table 3 show that D changes widely with temperature, being much smaller at lower temperatures.
We next assessed whether these differences in D between conditions could be explained by the differences in temperature alone (i.e. by the differences in free energy). For that, we calculated the relative dynamic vis- cosity in each condition (relative to 37°C). This quantity should equal 1, if the differences in D with temperature between conditions are caused solely by differences in free energy.
Results in Table 3 show that the relative dynamic viscosity changes widely with temperature, being much higher at lower temperatures. Thus, we conclude that the differences in D with changing temperature are not caused solely by the differences in free energy, but also by changes in the thermophysical properties of the cytoplasm.
Finally, we verified that D, and thus the relative dynamic viscosity, is not biased by the cell growth rates (which differ between conditions). For that, we calculated the bias in the displacements of aggregates at midcell, Γ (Table 3) . Since the values of this quantity are much smaller than the values of D in all conditions, we conclude that this bias is not significant.
Given this, and considering also the results on the correlations between the aggregates positioning and the nucleoids size and location (Table 2) , as well as the measurements of local anisotropies along the major cell axis, we conclude that, at lower temperatures, the aggregates and nucleoid interact much less frequently during the measurement period. This, along with the stochasticity in diffusion, explains the observed near-uniform distribution of aggregates along the major cell axis at the two lower temperature conditions. Finally, we considered another possibility, namely, that the lower fraction of aggregates at the poles at the lower temperature conditions could be explained by the fact that the aggregates do not have sufficient time to reach the poles prior to image acquisition. However, if this, rather than the reduced interactions between nucleoid and aggregates, was the cause, one would not observe the decrease with decreasing temperature in the area of the regions of positive anisotropy that is visible in the plots of the fraction of aggregates heading towards the poles along the major cell axis (Fig. 2) , since this quantity is independent of the number of aggregates studied.
Spatial distribution and dynamics of aggregates following osmotic stress
Given the above, it is reasonable to expect that different means to increase the cytoplasm viscosity will cause similar changes on the short-and long-term aggregate behaviours.
It is known that, under osmotic stress, cells (when plasmolysed) exhibit enhanced cytoplasmic viscosity (van den Bogaart et al., 2007; Konopka et al., 2009; Mika et al., 2010; Jin et al., 2013) . We placed cells under osmotic stress, and then assessed the consequences to the shortterm dynamics and long-term spatial distribution of the synthetic aggregates within. We studied plasmolysed and adapted cells, which we compared with control cells (in optimal growth conditions).
We first assessed the spatial distributions of aggregates in control, plasmolysed and adapted cells for population images obtained by DAPI staining, following the application of osmotic stress (Methods). Results in Table S4 show that the relative 3-D concentration of aggregate numbers at the poles is much lower in plasmolysed cells than in the control (P value much smaller than 1). Further, it is close to 1, similar to low temperature conditions (Table 1) . We conclude that the phenomenon of aggregate exclusion from midcell is absent in plasmolysed cells. Further, from Table 1 , in adapted cells, this quantity is not statistically different from the control, from which we conclude that these cells recovered the ability to exclude aggregates from midcell.
To determine if the change in aggregates spatial distribution in plasmolysed cells has the same cause as in cells in low temperatures, we conducted 1-hour long, timelapsed microscopy measurements with the perfusion of osmotic stress-inducing agent, to measure the diffusion coefficient of the aggregates and, thus, the cytoplasm's relative viscosity. From Table S5 , the relative dynamic viscosity of plasmolysed cells is much higher than of control or adapted cells. Also, the bias in the displacements of aggregates at midcell, Γ, is not significant. We For each condition, it is shown the number of cells studied along with the synthetic aggregates' diffusion coefficient, D, the relative dynamic viscosity of the cytoplasm relative to 37°C, and the bias in the displacement of aggregates located at midcell, Γ. Cells were kept at 37°C for 1 hour under the microscope and then kept at the appropriate temperature for 1 hour, after which we collected images for 45 minutes, with 1 minute interval.
conclude that the changes in aggregate spatial distribution in plasmolysed cells and in cells subject to low temperatures are both due to increased cytoplasm viscosity.
Long-term consequences of the effects of temperature changes on the degree of exclusion of aggregates from midcell
Finally, we assessed whether the loss of effectiveness in excluding aggregates from midcell at lower temperatures causes tangible, long-term effects in cells of subsequent generations. These are expected to emerge, provided that the fraction of aggregates in between nucleoids in cells close to division increases significantly (see for example Fig. S6 ) (Stewart et al., 2005; Lindner et al., 2008; Govers et al., 2014; . We thus investigated the distribution of synthetic aggregates along the major cell axis in cells with two nucleoids as a function of temperature. From each cell, we extracted the mean relative length along the major axis of each nucleoid (in general, the two nucleoids are of nearly identical size) and of the space in between the inner borders of the nucleoids (named here as the 'gap'). Also, we obtained the mean relative 1-D concentration of aggregate numbers in the gap for each cell and performed a permutation test to compare the mean concentration between pairs of conditions.
Results in Table 4 first show that the mean relative length of the midcell region does not exhibit a consistent, significant change with temperature. Meanwhile, the mean relative 1-D concentration of synthetic aggregates in the gap region increases significantly with decreasing temperature. We conclude that, at lower temperatures, a larger fraction of aggregates will be randomly partitioned in division and then located at the new pole of the daughter cells, thus hampering the generation of asymmetries in aggregate numbers between the cells of a lineage.
Finally, we performed the same measurements in cells expressing IbpA-YFP. Results in Table 5 show no change in the mean relative length of the midcell region but a very significant increase in mean relative concentration of IbpA-YFP aggregate numbers in the gap. Thus, we conclude that, for both the natural and synthetic aggregates studied here, the relative concentration of aggregates in between nucleoids in cells near division is significantly For each temperature condition, it is shown the number of cells studied, the mean relative length along the major cell axis of the midcell region (which includes the two nucleoids and the space in between), the relative 1-D concentration of synthetic aggregate numbers in the space in between nucleoids (gap) (as measured by dividing the fraction of aggregate numbers in the gap by the distance between the inner borders of the nucleoids in individual cells) and the results of a test of statistical significance between differences in concentration (permutation test between pairs of conditions). For P values smaller than 0.01, the null hypothesis that the two sets of data are from the same distribution is rejected. For each temperature condition, it is shown the number of cells studied, the mean relative length along the major cell axis of the midcell region (which includes the two nucleoids and the space in between), the relative 1-D concentration of natural IbpA-YFP aggregate numbers in the space in between nucleoids (gap) (as measured by dividing the fraction of aggregate numbers in the gap by the distance between the inner borders of the nucleoids in individual cells) and the results of a test of statistical significance between differences in concentration (permutation test between pairs of conditions). For P values smaller than 0.01, the null hypothesis that the two sets of data are from the same distribution is rejected.
higher at lower temperatures and that this is not due to changes in the relative nucleoid length along the major cell axis but rather due to the homogenous distribution of the aggregates in the cytoplasm.
Discussion
In optimal conditions, E. coli cells segregate large protein aggregates to the poles via nucleoid exclusion . Following cell divisions, this will result in the renewal of some cells of a lineage, which will be void of aggregates, at the expense of others that will contain several aggregates and exhibit accelerated aging (Lindner et al., 2008) . We observed live cells within the range of temperatures where they exhibit replication and found that, at low temperatures, the aggregate segregation and retention processes become nonfunctional in that, on average, aggregates no longer preferentially locate at the poles. Also, at the single cell level, their positioning no longer correlates with nucleoid size or positioning. This non-functionality is shown to be due to an alteration in the aggregates' short-term behaviour. Namely, their displacements distribution no longer exhibits strong anisotropies at the nucleoid borders and cell extremes, due to a much enhanced cytoplasm viscosity that renders the interactions between nucleoid and aggregates too infrequent and weak to generate significant heterogeneities in the aggregate spatial distribution. To validate these findings, we subjected cells to osmotic stress. We observed that plasmolysed cells were also unable to segregate aggregates to the poles, due to their much enhanced cytoplasmic viscosity (Konopka et al., 2009 ) (here verified).
The similarity in aggregate behaviour at low temperatures and under osmotic stress suggests that, in any conditions where cytoplasm viscosity is increased, one should expect loss of aggregate preference for polar localisation. Relevantly, increases in cytoplasm viscosity are known to occur under common stresses, such as carbon starvation and energy depletion, as well as during the stationary growth phase (Parry et al., 2014) . Further, we expect that, aside from large aggregates, other large cellular components such as plasmids, enzyme complexes, micro-compartments (Kerfeld et al., 2010) and other macromolecules will be subject to nucleoid exclusion under optimal conditions. As such, we expect their spatial localisation in the cytoplasm to be similarly affected by increases in cytoplasm viscosity.
What is the origin of the increase in relative viscosity with decreasing temperature? Given the size of the aggregates studied here, in accordance to (Parry et al., 2014) , this is likely caused by the decrease in cellular metabolism rates responsible for 'fluidising' the cytoplasm (which is in a 'near-glass' transition state when in optimal temperature; Parry et al., 2014) . Meanwhile, in the case of plasmolysed cells, it may be that the increased viscosity results from increased macromolecular crowding rather than reduced metabolism.
Our findings complement recent findings on how the bacterial cytoplasm functions. In Parry et al. (2014) , the cytoplasm viscosity was shown to be 'metabolism dependent'. Conditions imposing poor metabolic rates cause increased cytoplasmic viscosity, which decreases the diffusion rate of macromolecules and other large cell components. We found that this has long-term consequences, namely, it renders nucleoid exclusion of protein aggregates far less effective, which perturbs the internal organisation of these components in the cell.
The negative effects of hampered aggregate preference for polar localisation should increase with prolonged exposure to stressful conditions. However, the consequences of failures in segregation and polar retention are likely to be rapidly dealt with (i.e. in a few generations), once conditions return to optimal, particularly in E. coli, which is capable of rapid division rates. This may explain its lack of energy-dependent 'repair' mechanisms (Clegg et al., 2014) . It might be that other bacteria, with much lower division rates (e.g. extremophiles), cannot employ the same strategy. In that scenario, compartmentalisation (Kerfeld et al., 2010; Cornejo et al., 2014) or transport mechanisms (in the case of eukaryotes) might be the adopted solutions.
Experimental procedures
Briefly, we used E. coli strain DH5α-PRO, generously provided by I. Golding (Baylor College of Medicine, Houston, TX) to study synthetic aggregates, and E. coli strain MGAY (kind gift from Ariel Lindner, Paris Descartes University, France) to study tagged natural aggregates. Bacterial cell cultures were grown in lysogeny broth (LB). Synthetic aggregates were induced with 100 ng ml −1 of anhydrotetracycline (aTc) and 0.1% L-arabinose for 50 min. After, 1 mM IPTG is added for 10 min. Natural aggregate production is induced by adding streptomycin (10 μg.ml −1 ) for 30 min. Nucleoids were visualised by either DAPI staining or HupA-mCherry tagging. Live single-cell, single-molecule experiments were performed using Nikon Eclipse (Ti-E, Nikon) inverted microscope equipped with C2+ (Nikon) confocal laser-scanning system, and a thermal imaging chamber (CFCS2, Bioptechs, USA). Also, a peristaltic pump was used to provide continuous flow of fresh media to the cells. Example movies of time-lapse microscopy at 10°C (Movie S1) and 43°C (Movie S2) are provided. Cells were segmented from phase contrast images using software 'MAMLE' (Chowdhury et al., 2013) . Fluorescent aggregates were segmented as in and Häkkinen et al. (2014) . Nucleoids were detected and quantified as in Mora et al. (2011) . Lineages were constructed by the software 'CellAging' (Häkkinen et al., 2013) . For additional information, see below.
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Cells and plasmids
Experiments using synthetic aggregates were conducted in E. coli strain DH5α-PRO, generously provided by I. Golding (Baylor College of Medicine). The strain information is: deoR, endA1, gyrA96, hsdR17(r K − mK + ), recA1, relA1, supE44, thi-1, Δ(lacZYA-argF)U169, Φ80δlacZΔM15, F-, λ-, P N25/tetR, PlacI q / lacI and SpR. This strain contains two constructs: (i) PROTET-K133 carrying P LtetO-1-MS2d-GFP and (ii) a pIG-BAC vector carrying P lac/ara-1-mRFP1-MS2-96bs (MS2-96bs stands for 96 MS2 binding site array) (Golding et al., 2005) . Dimeric-fused proteins MS2d-GFP are produced from the medium-copy vector, controlled by P LtetO-1, regulated by tetracycline repressor and aTc inducer. RNA targets for multiple MS2d-GFP are produced from a single-copy F-plasmid, controlled by P lac/ara-1 (Lutz and Bujard, 1997) , regulated by LacI and AraC repressors and IPTG and L-arabinose inducers. Further, to validate the results from DAPI measurements of nucleoid size and location, we inserted the plasmid pAB332 carrying hupA-mcherry (Fisher et al., 2013) . Expression of HupA-mCherry is controlled by a constitutive promoter (hupA).
Experiments to study natural aggregates were conducted using the E. coli MG1655 (MGAY) strain carrying the ibpA-yfp sequence in the chromosome under the control of the endogenous chromosomal IbpA promoter (kind gift from Ariel Lindner, Paris Descartes University, France).
Media and chemicals
Bacterial cell cultures were grown in LB media. The chemical components of LB (Tryptone, Yeast extract and NaCl) were purchased from LabM (Topley House, Bury, Lancashire, UK) and the antibiotics from Sigma-Aldrich (St. Louis, MO). Isopropyl b-D-1-thiogalactopyranoside (IPTG) and aTc used for induction of the target genes are from Sigma-Aldrich. Agarose (Sigma-Aldrich) was used for microscope slide gel preparation. Finally, DAPI from Sigma-Aldrich was used to stain nucleoids.
Induction of production of fluorescent synthetic and natural aggregates
Pre-cultures were diluted from the overnight culture to OD600 of 0.1 in fresh LB media, supplemented with appropriate antibiotics and kept at 37°C at 250 r.p.m. in a shaker until reaching OD 600 ≈ 0.3.
Next, to produce synthetic aggregates, we proceeded as follows. After the DH5α-PRO cells reached an OD 600 ≈ 0.3, they were induced with 100 ng ml −1 of aTc and 0.1% L-arabinose for 50 minutes until OD 600 ≈ 0.5. At that stage, cells contain sufficient MS2d-GFP to detect target RNAs, and induction of P lac/ara-1 was completed by adding 1 mM IPTG. After 10 more minutes, cells were placed the appropriate temperature (10, 24, 37 or 43°C) for 1 hour.
To induce the production of natural aggregates, first, after MGAY cells reached an OD 600 ≈ 0.3, they were placed at the appropriate temperature (10, 24, 37 or 43°C) for 1 hour. Then, they were incubated with streptomycin (10 μg ml 
Nucleoid visualisation by DAPI nucleoid staining
For nucleoid staining, cells were kept at a specific temperature for 60 min, and then fixed with 3.7% formaldehyde for 30 min. Next, cells were re-suspended in PBS, and DAPI (2 mg ml −1 ) was added and cells were incubated for 20 min at room temperature. Finally, cells were washed twice with PBS (to remove DAPI in excess), and placed on a 1% agarose gel pad prepared with the appropriate media for microscopy (Chazotte, 2011) .
Nucleoid visualisation by hupA-mCherry nucleoid tagging
The dimeric histone-like protein HU is one of the most abundant nucleoid-associated proteins that participates in the DNA structural organisation (Claret and Rouviere-Yaniv, 1997; Azam et al., 1999) . A version of this protein (HupA) has been tagged with the red fluorescent protein (mCherry) to study nucleoids in live E. coli cells (Maisonneuve et al., 2008) . This study showed that hupA-mCherry allows a proper assessment of the location and size of nucleoids in vivo. Expression of this synthetic protein was placed under the control of a constitutive promoter (hupA).
Osmotic stress
In van den Bogaart et al. (2007) , it was reported that increasing sodium chloride (NaCl) concentration in the media results in a rapid osmotic upshift (from 0.15 to 0.6 Osm). This causes cytoplasm plasmolysis of E. coli cells (the water in the cytoplasm is expelled to the environment in a few seconds). Subsequently, cells undergo an adaptation process that allows recovering the ability to divide. As the adaptation time differs from cell to cell, when observing a population shortly after imposing osmotic stress conditions, one usually finds two distinct populations: adapted and non-adapted (Jin et al., 2013) , which differ in cell and nucleoid morphology, as well as in division rate (Jin et al., 2013) . Namely, plasmolysed (nonadapted) cells exhibit longer length and elliptic shape, contain only one condensed nucleoid and do not divide (Konopka et al., 2009; Mika et al., 2010; Jin et al., 2013) . Relevantly, in these cells, the high osmolality (> 0.15 Osm) causes the Diffusion coefficient of GFP to be heavily reduced (van den Bogaart et al., 2007; Konopka et al., 2009) .
To expose cells to osmotic stress during time-lapse microscopy, 300 mM of NaCl was added to the growth media and pumped into the thermal chamber (set to 37°C) for 1 hour. For population microscopy imaging, the cells were kept under osmotic stress for 30 minutes (osmotic stress-inducing media with 300 mM of NaCl). In both cases, approximately ∼ 0.68 Osm was reached (Konopka et al., 2009) .
Cells were considered to be plasmolysed when exhibiting filamentous and elliptical morphology (Konopka et al., 2009) , not dividing during the measurement period (1 hour), and if containing only one, condensed nucleoid (Mika et al., 2010; Jin et al., 2013) .
Microscopy
Cells were visualised using a Nikon Eclipse (Ti-E, Nikon) inverted microscope equipped with a 100× Apo TIRF (1.49 NA, oil) objective. The software for image acquisition was NIS-Elements (Nikon). Confocal images were taken by a C2+ (Nikon) confocal laser-scanning system. The pinhole size was set to 1.2 AU. For confocal images, the size of a pixel corresponds to 0.124 μm using a scan area resolution of 1024 × 1024 pixels. To visualise MS2-GFP-RNA 'spots', we used a 488 nm laser (Melles-Griot) and an emission filter (HQ514/30, Nikon). To visualise HupA-mCherry-tagged nucleoids, we used a 543 nm HeNe laser (Melles-Griot) and an emission filter (HQ585/65, Nikon). Phase contrast images of cells were captured using an external setup using a CCD camera (DS-Fi2, Nikon). Size of the images was 2560 × 1920 pixels, in which a pixel corresponds to 0.049 μm. Epifluorescence images, for visualisation of DAPI-stained nucleoids, were taken by a mercury lamp excitation and a DAPI filter cube DM 400, Nikon) .
For fixed and live cell measurements, we placed 5 μl of culture on, respectively, 1% and 2% agarose gel pads of LB media between a microscope slide and a cover slip. Fixed cells were imaged once, while for time lapse microscopy the fluorescence images were taken once per minute for 45 minutes. In the latter, the desired temperature was kept from start to end of the session by a cooling/heating microfluidic system that provides continuous flow of deionised water at stable temperature (which does not enter in contact with the cells) into a thermal imaging chamber (CFCS2, Bioptechs, USA). Meanwhile, a peristaltic pump provided continuous flow of fresh media to the cells, at the rate of 0.3 ml min −1 , through the thermal chamber. In the case of cells with synthetic aggregates, we added to the media the inducers of fluorescent synthetic aggregate production in the appropriate concentrations.
Spot detection
Fluorescent 'spots' are automatically segmented inside each cell using the kernel density estimation method for detecting fluorescently labelled subcellular objects in microscope images. This method measures the local smoothness of the image and determines spot locations by designating areas with low smoothness as a fluorescent spot. The spot intensity is then corrected by subtracting the mean cell background intensity multiplied by the area of the spot from the total fluorescence intensity of the spot .
Spot tracking
Spot tracking was performed using a semi-automatic method. First, we perform spot segmentation in each frame using the method above. An ID number is provided to the spot (automatically and then manually adjusted if needed) to identify it in each frame. Next, we manually correct for possible errors in the detection of the location of the spot. Afterwards, a displacement vector is automatically inserted, based on the shortest distance between the locations of the spot in consecutive frames. When the cell contains more than one spot, spots locations are determined as before but making use of the ID numbers so as to not misidentify spots between consecutive frames. Displacement vectors are then placed as before, based on the ID numbers of the spots. If, at any time point of the measurements, there are any doubts on the ID of the spots in a cell, that cell is discarded from the analysis.
Nucleoid detection and segmentation
Nucleoid detection and segmentation was done in each cell (in time series it was done at each frame). The nucleoid detection is performed using the Gradient Path Labelling algorithm (Mora et al., 2011) . This method starts by labelling each pixel based on its gradient azimuth and propagating these labels according to its gradient paths. The reduction of labels is obtained by applying equivalences (two labels are tagged as equivalents when both belong to the same maximum). Afterwards, a segmented image is obtained with the number of labels equaling the number of nucleoids. The Levenberg-Marquardt Least-Squares optimisation algorithm (More, 1978) is then used to obtain the parameters of 3D modified Gaussian functions that, in the case of two nucleoids, is described by F(x,y) = G 1(x,y) + G2(x,y) + z0, which fits each of the detected maximums. If only one nucleoid is present, G 2 is set to zero. In general: These functions allow translation in the xyz axes (x0, y0, z0), amplitude scaling (A), rotation (θ), width in x-plane (σ x), width in y-plane (σ y) and amplitude profiling between square shape, bell shape and thin shape (d). The nucleoid fitting is done using a predefined value for d of 10, which was empirically selected to allow using the value z 0 as a threshold, in order to obtain the segmented nucleoid masks.
After nucleoid detection and segmentation, principal component analysis was used to obtain the position, dimension and orientation of the nucleoid in each cell. The polar region of a cell was defined as the area between the nucleoid and the major axis extremities (Fig. S7) .
Example microscope images of cells along with the results of the segmentation process are shown in Fig. S2 .
Estimation of the 3-D concentration of aggregates at the cell poles
The estimation of the concentration of aggregates at the poles accounts for the measured nucleoid size and the capped cylindrical shape of the cells. Fig. S7 shows a 2-D representation of a cell with a nucleoid within.
Let x be the absolute length of the nucleoid, w be the width of the cell along the minor axis and l be the length of the cell along the major axis. Then, the volume of the bacteria equals, approximately:
Volume w w w
To attain the volume of the midcell region, for simplicity, we assume that: x < 1 − w. Given this:
Midcell volume w x
From this, one can derive the normalised fraction of midcell and poles volumes. These equal respectively:
Normalized Fraction of midcell volume
Normalized Fraction of poles volume
Note that the latter quantity is also the expected fraction of aggregates at the poles, assuming uniform intracellular distribution and accounting for the capped cylindrical shape of the cells.
To obtain the measured mean 3-D concentration of aggregate numbers at poles, we divide the mean fraction of aggregate numbers at the poles (Table 1) Table 1 , for each condition. The values for x, l and w are shown in Table S3 .
The above definitions and formulas are applied also to cells with two nucleoids, where the midcell region is defined as the region between the outer borders of the two nucleoids. Note that these formulas apply to all temperature conditions tested, even though as temperature increases the cells become, on average, longer.
Mean square displacement of the aggregates and relative viscosity of the medium
To measure the diffusion coefficient of the aggregates, we use the Mean Squared Displacement (MSD) of the aggregates after a time lag τ:
where p(t) is the position of a spot at time t, E is the expectation over all spots and over all t, and ξ 2 is the measurement noise. To extract D discounting ξ 2 , we use the slope of the line taken from the first two points, i.e. D = (MSD(2) − MSD(1))/2. As seen in Fig. S8 , the MSD is approximately linear for the first few τ. That is, for all measurements, MSD(3) lies immediately beneath the line going through MSD(1) and MSD(2), justifying the assumption of approximately diffusive motion at this timescale.
From D, and assuming that the aggregates are spherical, the dynamic viscosity η of the medium in which the diffusive particle is moving is (the Stokes-Einstein equation):
where kB is Boltzmann's constant and r is the particle radius. If the changes in temperature alone suffice to explain the changes in D, the relative dynamic viscosity between conditions should be approximately 1. The relative dynamic viscosity η 1/η2 between two temperatures T1 and T 2 with diffusion coefficients D1 and D2 can be quantified as: 
T D T D Anisotropy distributions
From the time lapse images, we obtained their displacement vectors along the major cell axis between consecutive frames. These inform on the directionality of an aggregate between consecutive images (assessed by the sign of the displacement vector). Also, they inform on the degree of diffusion of the aggregates along the major cell axis during the intervals between consecutive images (assessed by the magnitude of the displacement vector). As in , we extracted the displacement vectors going toward a pole and towards the cell centre, as a function of their point of origin. Next, we defined a sliding window with a width of 0.1 cell lengths and determined which displacement vectors originated within that window and their direction. We then analysed the directionality of the displacement vectors by counting the number of displacement vectors originated in the window, which were directed towards the midcell and towards the poles. Finally, we calculated the fraction of synthetic aggregates moving towards the poles in each window, as a function of the normalised distance to the cell centre. Cell growth between consecutive frames was accounted for by projecting the origin of each displacement vector into the cell space in the following frame, before calculating the magnitude and direction. The 'anisotropy curves' obtained for each condition are shown in Fig. 2 .
Possible biases in the mean square displacement of aggregates due to cell growth
Escherichia coli cells grow by increasing the walls' length via incorporating new components at the midcell region (Laloux and Jacobs-Wagner, 2014) . This is likely accompanied by the absorption of materials from the environment, which maintains the cytoplasm density nearly constant (90% of the cells in exponentially growing populations exhibit densities differing less than 0.75% from the mean) (Martinez-Sala et al., 1981) . Consequently, the process of cell walls growth is likely heterogeneous. However, this does not affect our calculations of MSD, since, during growth, the increase in cytoplasm volume is approximately homogenous along the major cell axis, as extracellular materials (e.g. water) do not enter the cell through a particular cell region. Given this and that the position of aggregates is not determined by the cell walls, as they float in the cytoplasm, our calculation of aggregate displacement vectors between consecutive frames does not need to be compensated for the heterogeneity of the cell walls growth process. We obtained this quantity for each temperature condition and compared with the measured diffusion coefficient, D. Results in Table 3 show that even in this extreme case, the values of D are much larger than those of Γ, which can thus be ignored.
